Insect wings are flexible. For rigid wings lift enhancing unsteady aerodynamics mechanisms, such as delayed stall via leading-edge vortices (LEVs), wake-capture, and rotational forces, characterize the lift generation of a hovering insect. We have uncovered a novel mechanism that fruit fly size insects can utilize to further increase the lift by adjusting its wing shape passively: A pair of a LEV and a trailing-edge vortex shed in the previous stroke induces a downward wake upstream of the wing, which acts as a wind gust and reduces the effective angle of attack. By streamlining its shape, the flexible wing is then able to mitigate the negative influence from this wing-wake interaction, resulting in a higher lift compared to its rigid counterpart. Furthermore, we show that for the flexible wings, the lift generation is the highest for the symmetric rotational mode, which is consistent with the kinematics exhibited by insects, such as fruit flies and honeybees. These results complement the existing insect flight aerodynamics and have the potential to be adapted for the development of flapping wing Micro Air Vehicles. 
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I. Introduction
lying insects are perhaps the most banal animals in daily life, but aerodynamically they form one of the most challenging phenomena. Conventional insect flight aerodynamics has elucidated intriguing mechanisms that go beyond the steady, stationary wing theories: a novel mechanism (clap and fling 1 ) based on flapping motions is found and other lift enhancing unsteady mechanisms, such as delayed stall via prolonged leading-edge vortices (LEVs) 2 , wake-capture, and rotational forces 3 are introduced to explain how the insects generate sufficient lift to stay aloft. In particular these unsteady theories predict coefficients of lift that are high enough to sustain the weights of hovering fruit flies or honey bees that operate at the Reynolds number Re = U ref c/ν =100 and 1000, respectively, which is based on the maximum translational velocity U ref , wing chord length c, and the kinematic viscosity of air ν. Herein plays the rotational force a fundamental role: lift is optimal when the rotation of the wing is slightly advanced relative to the translation with the midstroke angle of attack being 40° < α m < 50° 3, 4 . However the kinematics of a hovering fruit fly 5 and a honeybee 6 measured using high-speed cameras suggests that these insects rotate their wing synchronous with its translation resulting in a phase relationship called the symmetric rotation, which is also observed for beetles, dipterans, and hymenopterans 7 in general. Although this phase mode is known to be near optimal 4 , the question has yet to be answered why the advanced rotation is not utilized in these insects. magnitudes smaller than the spanwise flexural rigidity 8 . Unlike a rigid wing for which both translational and rotational are controlled actively 3, 9 , a flexible wing can undergo passive rotation 10 in dynamic balance with its inertia, aerodynamic loading, and elastic restoring force. Simplified analyses 10, 11, 12 have already conjectured that the wing rotation in insect flapping may indeed be passive.
Rather than directly answering whether the wing rotation is active or passive, we consider a wing kinematics that consists of the translational motion, which is imposed on the leading-edge (LE) of the wing, and the wing rotation and camber deformations that are purely passive. It should be noted that the insects flap their wings around a pivot point (Fig. 1a) , we only highlight the interplay between the chordwise flexibility and the resulting lift via wing shape deformation by approximating the wing as a homogeneous elastic twodimensional flat plate 8 . The three-dimensional effects, such as spanwise flow that seem to stabilize the LEVs 13 and LEV-tip-vortex interaction 14 could be important in general, however at Re = O(10 2 ) the spanwise flow is smaller than at higher Reynolds numbers 13 . Furthermore, the stability of the LEVs can well be approximated in twodimensions as long as the stroke-to-chord ratio is within the range that is evinced by many insects, i.e. around 4 to 5 15 , which justifies the use of a two-dimensional wing 16, 17 and to which this study falls into. We employ a carefully validated fully-coupled Navier-Stokes equation solver and a linear beam solver 19, 18 to show that by adjusting the frequency ratio f/f 1 , which is the ratio between the motion frequency f and the first natural frequency of the wing f 1 , such passive rotation can also yield an advanced, symmetric, or delayed rotation mode (Fig. 1b) , which is emphasized for the rigid wing aerodynamics with active rotation. Moreover, we highlight a mechanism that a flexible wing can utilize to outperform its rigid counterpart by enhancing the delayed stall by mitigating the wing-wake interaction via streamlining its wing shape to generate higher lift. Finally, we also show that the symmetric rotational mode yields the highest lift that is higher than of 1.6, which is enough to make a tethered fruit fly hover 4 . The current case setup is motivated by the dynamically scaled rigid wing experiments in mineral oil 3, 20 and we refer to our previous work 18 for more details. For the insects, the wing bending is mainly due to the wing inertia as the density ratio ρ * , the ratio between the wing density ρ s and the fluid density ρ f , is typically of the order O(10 3 ) 8, 19 . The mineral oil has a density that is 7×10 2 times greater than air, such that the acceleration-reaction force, which is often linearized by the added mass, becomes the dominant force that deforms the wing 19 . Still, the study of aeroelastic response of insect wings in such a low density ratio system is justified as long as the resulting aeroelasticity matches the actual motion 20 as illustrated for a crane fly 12 or shown by the non-dimensional relative tip deformation γ-scaling analysis 19 : for the current cases the resulting lift also scales with γ (Fig. 2) .
II. Methodology
A. Governing Equations and Kinematics
The resulting governing equations for the incompressible fluid modeled by the unsteady two-dimensional Navier-Stokes equations with constant ρ f and µ are A horizontal sinusoidal prescribed motion is imposed on the LE of the flat plate as
The maximum translational velocity of LE is taken as the reference velocity U ref = 2πfh a . The reduced frequency, which is a measure for the unsteadiness 21 , is k = πfc/U ref = 1/(2h a * ). We consider a flat plate of uniform thickness oriented vertically. As the flat plate follows the imposed horizontal motion, Eq. (3), at the LE, the resulting fluid dynamic force dynamically balances with the wing inertia and the elastic bending forces, modeled locally as a linear Euler-Bernoulli beam, * * + 2 * * = * * ℎ * ,
where w is the wing deflection due to bending motion, k 1 ≈ 1.875 is the first spatial eigenvalue 19 , h s * is the thickness ratio, * the distributed transverse fluid force on the wing per unit span normalized by the inertia of the wing
where -F 2 is the lift force and it is decomposed in the lift direction, C L , and the lateral direction, C D , see also Fig. 1 .
Finally, the time-averaged values are indicated with an over-bar, which are defined as
for example, for C L . The resulting forces in this study are not periodic in time and to have a representative value for the time averaged force and to avoid initial transient effects, we choose for m = 3. In the subsequent presentation of results the non-dimensional time, t * = 0.0 represents the start of the third cycle, unless otherwise stated. For a more comprehensive treatment of the dimensional analysis and non-dimensionalization we refer to our previous work 19 .
B. Numerical Models
The governing equations for the fluids given by Eqs. (1,2) are solved with Loci-STREAM 22, 23, 24 , which is a three-dimensional, unstructured, pressure-based finite volume solver written in a rule-based framework. It employs implicit first or second order time stepping and treats the convection terms using the second order upwind-type scheme and the pressure and viscous terms using second order schemes. The system of equations resulting from the linearized momentum equations are handled with the symmetric Gauss-Seidel solver. The pressure correction equation is solved with either the GMRES linear solver with the Jacobi preconditioner provided by PETSc 25, 26, 27 , or the BoomerAMG 28 linear solver provided by hypre. The LOCI-framework is by design rule-based highly parallelizable framework for finite volume methods 29 . The geometric conservation law 30 , a necessary consideration in domains with moving boundaries, is satisfied 31 . The mesh deformations are realized using radial basis function (RBF) interpolations 32 . An Euler-Bernoulli beam model is incorporated to solve Eq. (4) using a finite element representation. The structural damping is not considered in this study. Two degree of freedom, i.e. displacement and bending, are allowed at each node. The Newmark time integration scheme is employed. Computations done for a flexible airfoil composed of a rigid teardrop and elastic flat plate at higher Reynolds number and for various motion frequencies 19 showed that a linear Euler-Bernoulli beam is sufficient for qualitative analysis of the fluid-structure interaction coupling.
The fluid-structure interaction is based on a time-domain partitioned solution process in which the partial differential equations Eqs. (2, 4) governing the fluid and the structure are solved independently and spatially coupled through the interface between the fluid and the structure. An interface module is added to the fluid solver to communicate the parallelized flow solutions on the three-dimensional wetted surface to and from the serial structural solver. At each time step the fluid and the structural solvers are called one after the other until sufficient convergence on the displacements on the shared boundary surface are reached in an inner-iteration before advancing to the next time step. Full details of this algorithm and careful validation analysis against well-documented experimental results can be found in our previous work 19 .
C. Case Setup
We consider a flow with unit density initiated by a hovering two-dimensional flat plate with unit chord with h s * = 0.02 with flat edges. The fluid flow is computed with the finite volume method described in Section II.B. We refer to our previous work 18 for the details of the computational setup and the temporal and spatial sensitivity tests. We focus mainly on the Reynolds number regime of a fruit fly: Re = 100, but the qualitative trend for Re = 1000 is similar as shown in Fig. 2 . For simplicity without loss of generality we omit the presentation of Re = 1000 cases and refer to our previous work for the Reynolds number assessment 18 . The flat plate is modeled with 51 nodes equally distributed over the flat plate. The maximum translation velocity of the flat plate is such that the reference velocity U ref = 2πfh a = 1. The density ratio is ρ * = 7.8, similar to steel in water or a light material in air. The remaining non-dimensional parameters, i.e. the frequency ratio f/f 1 and the reduced frequency k, are varied by changing the Young's modulus E and the plunge amplitude h a , respectively, to probe their influence on the resulting aerodynamics and the structural deformations. The range selection of h a motivates from the plunge amplitudes observed from biological flyers 9 . It is reported in the literature that the natural flyers operate at f/f 1 < 0.8 33 and in this study, we adjust the Young's modulus for a similar range: 0.04 < f/f 1 < 0.8. Both ranges are extended from the previous study 18 and in total 48 cases are computed for Re = 100 and 1000, see Table A1 .
III. Results and Discussion
A. Flexible Wing versus Rigid Wing
Regardless of the source of the rotational motion, either actively rotated by the insect muscles, or being entirely passive due to the wing flexibility, or some combination of both, for the same wing shape and motion kinematics the resulting aerodynamic force should remain equal as the fluid dynamics are governed by the same Navier-Stokes equations. In order to assess the benefits of the passive wing rotation over its active counterpart, we extract the angles at the end and mid of the strokes from the resulting flexible wing kinematics by calculating the angle between the trailing-edge (TE) and LE of the wing. Based on these two angles a first-order harmonic 9 is reconstructed for the rotational motion with the pivot point placed on the LE: 
For the most cases the constructed rotational motion resembles the kinematics exhibited by the flexible wing closely as shown in Fig. 3a,b) , however as the wing undergoes larger deformations, higher order harmonics and detailed cambering are not captured, which will result in some difference in lift.
Comparisons of the time averaged lift coefficients indicates that the most flexible wing cases yield higher lift than the rigid wings as illustrated in Fig. 3c ). The largest difference is found for a symmetric rotation case with k = 0.6, f/f 1 = 0.25. Note that the cases with f/f 1 < 0.16 are omitted in this figure because for these cases the wing deformations are so small, such that the difference in lift does not follow the main trend observed. Figure 3c ) further shows that this difference in lift decreases with increasing reduced frequency k. As k increases, the influence of vortices on the force acting on the wing reduces and the acceleration-reaction force starts to dominate the force generation 19 . Similarly, a comparison of the unsteady lift for the symmetric rotation cases at k = 0.6 and k = 3.05 illustrates that the two peaks (Fig. 4a) and larger difference in time history of lift for the rigid wing merge into one peak (Fig. 4b ) for higher k with smaller differences. This is because as the maximum translational velocity is kept constant, higher k corresponds to greater wing acceleration, which results in greater added mass forces 6 . For k = 0.6 (Fig. 4a) , the translational forces, which only depend on the instantaneous angle of attack 3 , dominate the lift. On the other hand, the added mass force, which is proportional to the wing acceleration and hence the reduced frequency, gains its relative contribution to the total lift at higher k. As such, for k = 3.05, the added mass force term takes over 6 , while the mean contribution of the rotational force term, which is a coupling term between the translational velocity and the rotational velocity is neutral for the symmetric rotation mode 34 . This behavior is similar to the insect flight that honeybees employ short-amplitude high frequency motions (high k) and the fruit flies large-amplitude low frequency motions (low k) 6 . Honeybees usually carry heavy loads due to their ecological behaviors, such that high lift generating motions are used, while the fruit flies relatively makes more use of the translational forces 6 .
B. Wing-Wake Interaction and Streamlining.
The lift enhancement increases for lower reduced frequencies where the translational and rotational forces are relatively greater and the nonlinear interaction between the vortices in the flow field and the wing plays a more significant role. We illustrate a mechanism in this low reduced frequency regime that leads to the lift enhancement for the flexible wing with a case that leads to the largest difference in lift (Fig. 3c : k = 0.6, f/f 1 = 0.25.). The LEV and the trailing-edge vortex (TEV) shed in the previous motion stroke form a vortex pair (Fig. 5 ) that induces a downward wake around the center of the stroke 35, 9 . As soon as the wing reverses its direction at the stroke ends, wing interacts with the wake and under certain conditions 36 added momentum causes the lift to increase, which is called as the wake-capture. However, when the wing passes through the downward wake, which can be regarded as wind gust, lift drops significantly for the rigid wing (Fig. 5b ) 35, 9 . On the other hand, the flexible wing deforms its shape and adjusts itself to the surrounding flow field, such that the wing camber streamlines with the surrounding flow. Consequently, the formation of the TEVs is demoted for the flexible wing. Although the role of TEVs has not received as much interest so far as its influence on the lift generation is not directly visible for the rigid wings, for the flexible wings it has intriguing consequences. The induced downward flow is slower due to the weaker TEV (Fig. 5a ), resulting in a higher lift for the flexible wing (Fig. 5b) . Moreover, one of the effects of the wing deformation is that the orientation of the flexible wing at the LE is always normal to the translational motion of the wing, whereas the local angle of attack at the LE changes harmonically in time for the rigid wing: In the case of symmetric rotation the angle of attack at the LE is always smaller than 90° (Fig. 3b) , such that the formation of LEV starts earlier for the flexible wing (Fig. 5a,c) . The combined result is that, while the time history of lift for the rigid wing depicts the traditional two peaks with the first peak accounted to the wake capture 3 , the flexible wing only consists of one peak reaching its maximum at the midstroke (Fig. 4a) with the mean lift higher by 0.6. Hence, the flexible wing can take advantage of the weaker downward wake by streamlining its TE to the flow to produce weaker TEV, which resembles the drag reduction by reconfiguration through streamlining of its flexible body 37 . To quantify the lift enhancement due to this streamlining process, we first measure the vorticity at the point in the TEV 1 with the highest Q 9 as illustrated in Fig. 5d) . Q is the second invariant of the velocity gradient tensor and higher value of Q corresponds to greater rotation of the fluid elements. The vorticity magnitude for the rigid wing is lower for the rigid wing, which correlates to the velocity of the downwash by Biot-Savart law. Furthermore, we model the strength of the downwash by averaging the vertical velocity over a window placed upstream of the wing as shown in Fig. 5a3 ). This window follows the instantaneous shape of the wing shape and is fixed 0.15 chords in front of the wing chord. For various combinations of window size and positions, the qualitative trend is insensitive and the current window width and height are 0.25 and 0.75 chords, respectively. The top of the window is located at 0.25 chord location. Figure 5d ) confirms the larger downwash depicted in Fig. 5a ), which also leads to a stronger LEV for the flexible wing during the midstroke.
The effective angle of attack for the moving wing is a combination of the translational velocity and the downwash (Fig. 6a) , which in turn affects the delayed stall of LEVs. Accordingly, the translational force components (Fig. 6b ) depicts larger loss of lift for the rigid wing during around the midstroke, which the unsteady lift computed by solving the Navier-Stokes equations. On the other hand, the translational force component for the flexible wing indeed gains significantly compared to its rigid counterpart.
C. Symmetric Rotation Optimal for Flexible Wings
Most insects including flies, bees, and wasps employ a normal hovering, in which they flap their wings in a horizontal plane 1, 38 . Usually, both forward and backward strokes are symmetric, generating lift in both strokes. Other hovering modes exist, e.g. the inclined hovering used by the hoverflies 39, 40 and dragonflies 38 in which the most of the lift is generated during the downstroke; or the water-treading mode 41 where the delayed stall mechanism plays the main role. For normal hovering, stroke plane deviation including the figure-8 motions is also reported 7 for biological flyers. Here, we focus on the normal hovering and its relation to passive wing rotation.
As shown in Fig. 1b) , all three modes are observed for the flexible hovering flat plate even without active rotation. Moreover, the lift is optimal for the symmetric rotation (Fig. 7a) , which is consistent with the wing kinematics observed for the insects. To provide a more systematic picture, we plot the phase lag φ between the rotational and translational motion, α m , and lift against f/f 1 in Fig. 7b) . Indeed, as f/f 1 increases the rotation first results in the advanced mode, then φ starts to decrease yielding the symmetric mode, and finally the delayed rotation modes appear. The relation between the rotational lift as a function of the phase lag φ can be seen for a sinusoidal translational motion given by Eq. (3) and the resulting rotational motion as ,r~s in 2 sin 2 + ϕ~− cos ϕ .
Hence, the contribution of the rotational lift is positive for advanced, neutral for the symmetric, and even negative for the delayed rotations 34 . Moreover, albeit somewhat scattered, α m , which is indicative of the translational force component, increases with f/f 1 until the rotation begins to lag far behind the translation. The combined effect is that the resulting lift increases with f/f 1 until the rotational modes becomes symmetric, after which both the rotational lift as well as the translational lift starts to reduce for the delayed rotational modes. For rigid wings there are two degrees of freedom when an active rotation is imposed, e.g. angular amplitude and the phase lag. For purely passive rotations, on the other hand, the main dependent variable is the frequency ratio 33 , which governs both. For the cases considered in this study, the flexible wing with passive rotation is not able to achieve the advanced rotation mode with sufficiently large α m to yield the optimal lift predicted by the rigid wing experiments 3, 4 , because the deformations remain small for small f/f 1 to which the advanced rotation relates to (Fig.   7b ). Rather, because of the competing trend of increasing α m for f/f 1 < 0.5 and decreasing φ with f/f 1 , the optimal lift is reached for the symmetric rotation with 0.25 < f/f 1 < 0.4, where the TE motion is in phase with the translational motion: the higher angle of attack due to larger deformations coincides with the midstroke at which the translational velocity is maximal (Fig. 7c) . The resulting lift coefficient is higher than 1.6, which is sufficient to sustain the weight of a tethered fruit fly 4 . These results suggest that at these Reynolds numbers when the only rotational mechanism is due to passive wing rotation, then the optimal aerodynamic performance correlates to symmetric rotation motion and the phasing can be controlled by adjusting the frequency ratio. Compared to the rigid wing cases 3 the achieved lift is higher, even though active rotation is not required. This excursion to the flexible flapping wings evinces promising results that complement the existing insect flight aerodynamics and that can be readily adapted for development of flapping wing Micro Air Vehicles (MAVs), where one of the main challenges of designing flapping MAVs is the weight penalty from implementing the two motion actuators, one for translation (or flapping) and one for pitching. 
IV. Conclusion
We use a fully coupled Navier-Stokes equation solver and Euler-Bernoulli beam solver to uncover new unsteady aerodynamics mechanisms applicable for an insect operating at Re = 100 to 1000. For a flexible wing, the difference in the detailed camber due to the wing shape deformation leads a higher lift compared to its rigid counterpart. Although for both types of wing the same translational motion is imposed at the LE of the wing, the rotational motion is a result of the dynamic balance between the wing inertia, fluid dynamic force, and the elastic restoring force for the flexible wing, while for the rigid wing the rotation is prescribed.
The streamlining of the wing shape for the flexible wing results in a TEV formation that is weaker than for the rigid wing. Consequently, the induced downwash in the upstream of the motion is mitigated for the flexible wing leading to a reduced wing-wake interaction in the upcoming stroke. The downwash acts as a wind gust that lowers the effective angle of attack. As a result, the LEV formation is stronger for the flexible wing and also the lift is higher.
The enhanced performance for the flexible wing decreases with reduced frequency. At higher reduced frequencies, e.g. low-amplitude high frequency motions employed by honeybees, the acceleration of the wing increases and the acceleration-reaction force dominates the aerodynamic force generation. Hence, when the wing kinematics is similar, the resulting force magnitudes are similar. However, at lower reduced frequencies, e.g. largeamplitude low frequency motions such as for the fruit flies, the influence of the vortex dynamics and wing-wake interaction gains relatively more importance and the mechanisms described above result in greater lift generation for the flexible wing.
Finally, we show that for the cases considered the symmetric rotation mode yields the highest lift for the flexible wings compared the motions that result in delayed or advanced rotations. This finding is consistent with the kinematics exhibited by fruit flies and honeybees. The achieved lift is sufficiently high to sustain the weight of a fruit fly. 
